Objective The purpose was to evaluate the intra-and interobserver reliability of combined quantitative 3D-volumetric single-photon emission computed tomography (SPECT)/CT analysis including size, intensity and localisation of tracer uptake regions and total knee arthroplasty (TKA) position. Materials and methods Tc-99m-HDP-SPECT/CT of 100 knees after TKA were prospectively analysed. The anatomical areas represented by a previously validated localisation scheme were 3D-volumetrically analysed. The maximum intensity was recorded for each anatomical area. Ratios between the respective value and the mid-shaft of the femur as the reference were calculated. Femoral and tibial TKA position (varus-valgus, flexion-extension, internal rotation-external rotation) were determined on 3D-CT. Two consultant radiologists/nuclear medicine physicians interpreted the SPECT/CTs twice with a 2-week interval. The inter-and intra-observer reliability was determined (ICCs). Kappa values were calculated for the area with the highest tracer uptake between the observers. Results The measurements of tracer uptake intensity showed excellent inter-and intra-observer reliabilities for all regions (tibia, femur and patella). Only the tibial shaft area showed ICCs <0.89. The kappa values were almost perfect (0.856, p<0.001; 95 % CI 0.778, 0.922). For measurements of the TKA position, there was strong agreement within and between the readings of the two observers; the ICCs for the orientation of TKA components for inter-and intra-observer reliability were nearly perfect (ICCs >0.84). Conclusion This combined 3D-volumetric standardised method of analysing the location, size and the intensity of SPECT/CT tracer uptake regions ("hotspots") and the determination of the TKA position was highly reliable and represents a novel promising approach to biomechanics.
Introduction
Single-photon emission computed tomography (SPECT)/CT is becoming an increasingly available diagnostic imaging modality worldwide [1] [2] [3] [4] [5] [6] [7] [8] . The clinical diagnostic benefits of SPECT/CT for orthopaedic patients such as the combination of functional, structural and mechanical information have been particularly highlighted for patients with problems after total knee arthroplasty (TKA) [4, [8] [9] [10] [11] (Figs. 1, 2 and 3) .
Hirschmann et al. reported a standardised, validated and highly reliable anatomical localisation scheme, which they used to identify typical distribution patterns of areas indicating increased or decreased SPECT/CT tracer intensity [8] . The analysis of SPECT tracer uptake was performed using a Likert scale in a semiquantitative manner on 2D axial, coronal and sagittal slices [8] . Others used more descriptive methods to characterise areas of altered SPECT tracer uptake [1, 9, [11] [12] [13] .
Another limitation of the conventional analysis techniques is that only areas of increased tracer intensity were considered and lower intensity SPECT values were neglected [14] . In our experience the distribution pattern of SPECT tracer uptake is at least equally as important for accurate and correct establishment of the diagnosis [4, 14] .
Striving for improvement of SPECT data analysis we have introduced a novel method of 3D-volumetric quantification, normalisation and thresholding of SPECT data [14] . Such a three-dimensional approach to SPECT data analysis promises a richer source of clinical information and allows quantitative comparison of SPECT/CT measurements across patients [14] . Together with the determination of TKA component position in 3D-CT, it represents a novel approach to biomechanics in patients after TKA [15] .
The primary purpose of this study was to evaluate the inter-and intra-observer reliability of a standardised approach to combined quantitative 3D-volumetric SPECT/ CT analysis including assessment of the size, the intensity and the localisation of enhanced tracer uptake regions and determination of the TKA component position on 3D-CT. With the introduction of this analysis tool we aim to improve the process of establishing the diagnosis in patients with painful TKA. SPECT/CT could then be considered a screening tool and outcome measure in clinical trials.
Materials and methods
A total of 100 knees (male:female = 34:66, mean age ± standard deviation 70±11 years; right:left = 53:47) after total knee arthroplasty (TKA) that underwent Tc-99m-HDP-SPECT/CT were prospectively collected. Included was a consecutive series of patients undergoing SPECT/CT because of persistent pain after TKA. Patients who had previously undergone a revision TKA were excluded. The mean time from primary TKA to the date of Fig. 1 3D- SPECT/CT imaging was 48±48 months. The study was approved by our local ethics committee.
99mTc-HDP-SPECT/CT
All patients received a commercial 700 MBq (18.92 mCi) Tc99m-HDP injection (Malinckrodt, Wollerau, Switzerland). Tc-99m-HPD-SPECT/CT was performed using a hybrid system (Symbia T16; Siemens, Erlangen, Germany), which consists of dual head camera with a pair of low-energy, highresolution collimators and an integrated full diagnostic CT with 16-×0.75-mm collimation. Planar scintigraphic images were taken in the perfusion phase (immediately after injection), the blood pool phase (2 to 5 min after injection) and the delayed metabolic phase (2-3 h after injection) followed by the SPECT/CT. For SPECT acquisition we used the step and shoot mode (32 steps/25 s) with a matrix of 128×128. The CT protocol was modified according to the Imperial Knee Protocol, which is a low -dose CT protocol that includes high-resolution 0.75-mm slices of the knee and 3-mm slices of the hip and ankle joints [16] . This protocol allows accurate determination of mechanical alignment and TKA component positions in 3D.
For tracer uptake analysis (intensity and anatomical distribution pattern) the 3D-reconstructed datasets of the delayed SPECT/CT images were used. The anatomical areas represented by a previously validated localisation scheme were 3D-volumetrically measured in terms of SPECT/CT tracer uptake values [8, 14] . This localisation scheme for patients after primary TKA consists of 9 tibial, 9 femoral and 4 patellar regions around TKA components to accurately map tracer uptake activity [4, 8] . The maximum intensity values were recorded for each anatomical area. In addition, ratios between the respective value in the measured area and the background tracer activity measured at the proximal end of the femoral field of view (FOV) were calculated. The position of the femoral and tibial TKA component was assessed on 3D-CT after reorientation to the mechanical axis. The sagittal (flexion-extension), coronal (varus-valgus) and rotational alignment (internal rotation-external rotation) of the femoral and tibial TKA components were determined on 3D-reconstructed CT images using customised software (OrthoImagingSolutions, London, UK). The rotation of the femoral component (femoral posterior component axis) was measured in relation to the anatomical transepicondylar axis. The rotation of the tibial component (tibial posterior component axis) was measured in relation to the posterior tibial plateau axis. One consultant radiologist/nuclear medicine specialist and one radiologist interpreted the SPECT/CTs for tracer uptake and component analysis twice with a 2-week interval between interpretations in a random order. Both were blinded to results from previous observations. All data were analysed by an independent professional statistician using SPSS version 17.0 (SPSS, Chicago, IL, USA.). Sample size was estimated according to the reported estimates for reliability studies using intraclass correlation coefficients (ICCs) [17] .
The inter-and intra-observer reliability of the intensity and distribution analysis of SPECT/CT were determined by calculating the intraclass correlation coefficients (ICC). An ICC value of 1 indicated perfect reliability, 0.81 to 1 very good reliability and 0.61 to 0.80 good reliability [17] .
In addition, an inter-observer reliability analysis using the Kappa statistic was performed to determine consistency on the area with the highest tracer uptake. Kappa values of < 0 represent poor, 0.0-0.20 slight, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 substantial and 0.81-1.00 an almost perfect agreement [18] .
Results
All hotspots (areas with increased tracer uptake) were present in the localisation scheme and could be located to Fig. 3 The previously validated SPECT/CT scheme used for localisation of the Tc-99m HDP tracer activity in patients with painful knees after primary total knee arthroplasty. F femur, T tibia, P patella, 1 medial, 2 lateral, 3 central around stem, a anterior, p posterior, i inferior, s superior, shaft, tip and tubercle. Reprinted with permission. Publication can be found at www.springerlink.com [11] Table 2 Relative tracer intensity ratios for both observers: for each anatomical area the maximum uptake value is divided by the maximum uptake measured at the distal femur shaft (background activity) Area specific anatomical regions of the localisation scheme. The absolute measurements of tracer intensity for each anatomical area and the ratios (in relation to the background intensity of the distal femur) of both observers are presented in Tables 1 and 2 . The measurements of tracer uptake intensity using this 3D voxel-based analysis showed very good interand intra-observer reliabilities for all regions (tibia, femur and patella). Only the tibial shaft area showed ICCs <0.89.
The detailed ICCs for the absolute values and the ratios (relative to the background tracer uptake in the mid-femoral shaft) are presented in Table 3 . Table 4 compares the areas indicating the maximum tracer uptake when measured by each observer. The interobserver reliability for the agreement on the area with the highest tracer uptake was found to be almost perfect Kappa=0.856 (p<0.001; 95 % CI 0.778, 0.922).
For measurement of the femoral and tibial component position, there was strong agreement between the readings of the two observers; the ICCs for the orientation of the femoral and tibial components for inter-and intra-observer reliability were >0.84, which is nearly perfect. The mean differences ± standard deviation in femoral and tibial measurements between the two observers (inter-observer) are presented in Table 5 .
Discussion
The proposed method of combined quantitative 3D analysis of SPECT tracer uptake and measurements of TKA component position reflects a novel approach to biomechanics in patients after TKA.
The most important findings and implications of our present study are threefold:
First, the measurements of SPECT tracer uptake intensity using this 3D voxel-based analysis showed very good interand intra-observer reliabilities for all regions (tibia, femur and patella). The maximum uptake value in each anatomical area was almost perfectly reliable. The presented SPECT analysis method proved to be a valuable, consistent, reliable and useful tool in characterising tracer activity in patients with primary TKA. There was strong agreement for interand intra-observer reliability in the areas with the highest SPECT tracer uptake in each dataset. Taking only the area of highest tracer uptake into account for the establishment of a typical pathology-related SPECT distribution uptake pattern could facilitate SPECT data analysis for clinical routine. Using this approach typical SPECT/CT tracer uptake patterns should be identified for pathological conditions such as femoral or tibial loosening, patellofemoral hyperpression or instability, each specific type of TKA, component position and mechanical alignment [4] . Second, the distal femoral shaft region was identified as perfect reference region to build ratios between the measured SPECT values in each anatomical area and the SPECT background activity of the reference region. The tibial shaft region, which is also visible within the field of view of our SPECT/CT protocol, showed inferior inter-and intra-observer reliability. This might be due to the variable tibial anatomy. Hence, the femoral shaft area should be used to normalise the measured SPECT data.
This finding is a very important one as reference regions that represent SPECT background intensity are mandatory when aiming for an improved inter-and intra-patient comparison [14] .
Generally, the measured SPECT tracer intensity for each anatomical region represents an individualised intensity grading, which is only valid within each patient at the time of SPECT and not directly comparable between patients, it is only possible to compare relative values (ratios), for example the activity in one region relative to the activity of the distal femoral shaft of the same patient [14] . Normalisation of SPECT data using ratios of absolute measures in the areas of interest in relation to absolute measures in reference regions, e.g. distal shaft of the femur, is an important cornerstone of SPECT data analysis [14] .
Third, the determination of femoral and tibial TKA component position in 3D-CT was highly reliable. Based on our findings, we recommend the use of the proposed method for determining the rotational, sagittal and coronal orientation of the components after TKA. The described method is clinically easily applicable, highly reproducible and the measurements can be performed within 5 min per dataset. This new method enables radiologists, nuclear medicine physicians or orthopaedic surgeons to describe the accuracy of placement of the components with confidence.
To date, the accurate determination of TKA component position relating to the mechanical axis on 3D-CT has only been feasible using customised software, which is not tailored for this purpose and thus too complicated to use in clinical routine. Hence, most authors used axial 2D-CT slices for measurement of component position, although it has been shown that these measurements are very variable and less reliable [15] . 
Conclusions
The proposed combined 3D-volumetric standardised method of analysing the location, size and the intensity of SPECT/CT tracer uptake regions ("hotspots"), as well as the determination of TKA component position, is highly reliable. It represents a novel, promising approach to the biomechanics of patients after TKA. Its clinical value will be further investigated in prospective clinical studies.
